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I. INTRODUCTION 
The theory of speech perception introduced in this report falls 
within a more general approach to the problem of perception. 
is evolutionary in its philosophy and statistical in its methods. 
essence of the approach is as follows: 
erties of the stimulus energy and its statistical distributions in the 
environment; second, consider the needs of the organism in terms of indi- 
vidual and social survival. Given suitable neural material and biochem- 
ical processes, and given enough time for evolutionary forces to assert 
themselves, we then postulate that the perceptual devices evolved proceed 
toward a functional optimum. When supplemented with additional conditions 
of a constructional nature, and perhaps some restrictions related to early 
genetic fixation, the above statements are assumed to provide a suitable 
foundation to deduce mathematically the overall properties of a perception 
device. 
This approach 
The 
first consider the physical prop- 
(1) 
A s  in all evolutionary processes, the perceptual organization 
is a matter of compromise and balance between various stimuli in terms of 
their relevance and statistical distribution. The statistical attitude 
is here quite basic because perception devices are not designed for spe- 
cific stimuli. Furthermore, we are not interested in specific designs or 
mechanisms but functional behavior of ensembles of devices under varying 
distributions of stimuli. This statistical character also removes possible 
teleological interpretations occasionally accorded to evolutionary argu- 
ments. 
and they must be evolved by the organism. 
statement. We would rather consider the starting point of an organization 
as a chance mutation opening up the possibility of a class of perceptual 
devices under the constraints of the environment and potentialities of 
the organism. 
new adaptations take place until, eventually, a fairly well-defined or- 
ganization emerges from among the possible sets of devices. Neither is 
Our theory does not say that such and such perceptions are needed 
This would be a very strong 
In fact, as new powers of perceptions become crystalized, 
1 
the necessity to be mentioned ahead of time nor does the optimality need 
to be defined in an absolute sense. 
a device which has a fairly stable behavior satisfying a condition of 
local optimum under constraints of partly environmental, partly genetic 
and habitual nature. Although the background is truly statistical, the 
language of probability need not always be imposed because the variables 
in question are also interpretable phenomenologically. 
theory can be presented similarly to thermodynamics as against statistical 
mechanics, and simple variational methods become applicable in terms of 
phenomenological variables. 
of this nature in the next section. 
the identification of variables will be quite obvious. 
In other words, we are interested in 
In this way the 
We shall have occasion to advance arguments 
By and large the meaning of data and 
Probably the simplest optimization process along these lines is 
to vary one or two parameters at a time. 
brightness sensitivity curve of the human eye one would assume the dimen- 
sions of retinal receptors and the lensed nature of the eye with its 
refractive index. 
illumination one would maximize the detection probability which is essen- 
tially the brightness curve. 
as given and optimize for the size and shape of receptors, etc., eventually 
to come back to brightness for a second optimization. 
mentioned not because it is done in actual calculations but because it is 
reminiscent of the self-consistent field methods of physics and suggestive 
of the actual way the perceptual organs might have evolved in nature. 
For example, to deduce the 
Then under the known spectral composition of daylight 
Of course one could then assume this curve 
This procedure is 
The product of such an approach to perception is a functional 
theory rather than a particular mechanism. 
different mechanisms which can produce a given function. 
the function as the more relevant question theoretically. 
be delegated to second place, and be considered as 5 representation of the 
requisite function. For example, the ear discriminates between the fre- 
In general there will be many 
We shall consider 
Mechanism will 
quencies of sound to produce 
variable models the physical 
a psychological variable called pitch. This 
frequency continuum. For perceptual reasons 
2 
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there is a need for the pitch to depend on the frequency as a function of a 
certain form. 
where C and a are constants. 
be conceived in many ways. 
imagined are cochlear resonator analysis (place theory) and neural peak 
detection (volley theory). Although, currently, controversy is going on 
between the adherents of the two theories, the distinction is unimportant 
perceptually. From our point of view one, or the other, or a combination 
of both is perfectly acceptable as long as the requisite function is 
producible within tolerable limits. 
We shall see that an acceptable form is p = C(v  - v o l a  
The discriminating mechanism may, however, 
Two particularly familiar constructions 
Incidently, from our point of view such phrases as "place theory" 
or "volley theory'' are quite objectionable. 
sense of well-formulated physical theories of the modern era, but both 
are only descriptions of a particular mechanism. For example, thermo- 
dynamics does not deal with a particular heat engine. Rather it is the 
theory of all possible heat engines and deals with thermodynamic variables 
independent of material and mechanism. Similarly, we are interested in an 
approach concerning classes of perception devices and their behaviors in- 
dependent of their mechanismic content. If biology is to become a positive 
science like physics, we need also to raise the standards for what is to 
be called a theory. A s  in relativity, quantum mechanics, or thermodynamics 
we must strive for mutually consistent and logically complete sets of 
postulates from which experimental content can be derived in an unambiguous 
way. Note that in such a broad conception of methodology, theories which 
are usually considered distinct and attributed to different names may lose 
their identity and become different presentations of the same theory. For 
example, in color vision the Young-Helmholtz tristimulus theory and Her- 
ring opponents-colors theory are usually considered completely different, 
and in the past great controversy raged between the two. From our point 
of view one is obtainable from the other by a linear transformation of the 
basis vectors and, therefore, they both represent the same theory. ('1 In 
physics atransformationof variables may carry us from Cartesian coordi- 
nates to polar coordinates but not into a new theory. 
These are not theories in the 
Many of the 
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so-called new theories in biology and perception are of this nature and 
they stand in the way of further conceptual progress. 
To be fair to the attitudes of the past we must remember that 
what was called a theory was actually the description of a mechanism. 
Thus Young-Helmholtz adherents assumed that the eye sensed the color 
qualities in terms of photosensors with certain absorption characteristics. 
Since the absorption curve cannot have negative parts, the Young-Helmholtz 
tristimulus curves, rather than Herring's opponents curves, are acceptable. 
On the other hand, Herring's followers felt that, psychologically, the 
brightness was a separate class by itself and red-green, blue-yellow 
qualities were mutually opposite sensations. 
tristimulus theory and sought to build a theory in terms of sensors of 
opposing nature. In the last few years it has become clear that even in 
the mechanismic sense the fight is quite unnecessary. G. Wald and his 
associates at Harvard have gone a long way to isolate, in the eye, photo- 
chemicals having Young-Helmholtz type of absorption characteristics. On 
the other hand, it was demonstrated that in the optical cortex of the 
monkey, opposing (+) and (-) electric potentials are produced by red and 
green stimulation of the eye. Thus the truth of the matter may be that 
the eye starts out according to a Young-Helmholtz mechanism at the retinal 
level; whereas, at the cortical level, the equivalent Herring representa- 
tion is realized by a linear transformation. 
They therefore ignored the 
Most of the current work in neurology and sensory perception 
today is directed toward the study of mechanism; the mechanism by which 
such and such effects are produced. This is of course a most useful 
activity; otherwise, how could we repair an organ when it is damaged or 
out of order? However, not all of us  are doctors. (Doctors initiated 
biological research but their inherent interest is to cure the sick and 
the abnormal.) 
first place. Others might wonder if it could have been evolved differently 
and perhaps in a better way. Such questions lead us to consider a class of 
possible mechanisms which will perform a given task or function. 
Some of us  may want to know why the organ is there in the 
The 
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pigeon and the man belong to different phila, but the brightness sensi- 
tivity function of their eyes is the same. The eye of the honey bee and 
the eye of a man are different in every conceivable respect, but both 
perceive colors in essentially the same way. The fact that they do and 
the question of why this is so is, no doubt, important to know. 
A s  a result of long divergent evolution the compound eye of the 
insects and the lensed eye of the vertebrates are very different. In their 
separate ways these are the most complicated of all sense organs. 
separation of ancestry of insects and vertebrates seems to have occurred 
about one billion years ago. 
would force us to conclude that practically no homological mechanism can 
exist between the two groups, and their perception devices must operate 
on entirely different principles. But then, why are the end results of 
color perception in bee and in man practically the same? 
stand this unless we assume that the task of perceiving colors is essen- 
tially independent of mechanism and that the two mechanisms are merely 
different ways of doing it. 
perceptions and bee color perceptions is that the bee spectrum is somewhat 
wider in range and the maximum sensitivity is shifted toward higher fre- 
quencies, from 555A to 4551.  
bees also see polarization. 
there is more polarized light in the blue and ultraviolet region than in 
the red region, hence the shift as a result of optimization. Similarly, 
man's visible spectrum is narrower than the bee's because man's eye is 
lensed. 
in focusing the image on a retina. 
The 
The philogentic divergence of such magnitude 
We cannot under- 
The only difference between the human color 
This shift is explainable from the fact that 
Indeed, as a consequence of Raileigh formula, 
For a lensed eye there is the additional problem of dispersion 
This further restricts the spectrum. 
Such considerations prompt us to consider a general set of ques- 
tions. Given the external conditions of light and objects, what is the 
functional behavior of a visual perception device that will best help the 
survival of an organism? Clearly, the bee and the man will use different 
mechanisms to achieve such functions, as they use different mechanisms to 
breathe or to carry themselves from one place to another. But as long as 
t h e  v i s u a l  condi t ions  i n  t h e  environment and t h e  o b j e c t s  of i n t e r e s t  f o r  
s u r v i v a l  are  s imi l a r ,  t h e  f u n c t i o n a l  behavior of t h e i r  pe rcep t ions  w i l l  be  
similar. 
anisms. 
i n g  t h e s e  p a r t i c u l a r  mechanisms. 
u s e f u l  and important .  For example, we  can i n f e r  t h a t  t h e  c o l o r  v i s i o n  of 
t h e  bee and of t h e  pigeon must be s i m i l a r  t o  t h a t  of t h e  man without  having 
s tud ied  t h e  eye of t h e  bee and of t h e  pigeon. 
o t h e r  i n s e c t s  and organisms. 
of c o l o r  v i s i o n  which (with minor accountable  v a r i a t i o n s )  is  the  same f o r  
a l l  organisms. This  i s  indeed a va luable  ga in  because,  l i k e  the  l a w s  of 
thermodynamics, w e  have a theory of co lor  percept ion  independent of par-  
t i c u l a r  mechanisms o r  processes .  Furthermore, w e  s h a l l  show i n  t h i s  r e p o r t  
t h a t  t h e  gene ra l  l a w s  of percept ion  apply t o  t h e  ear j u s t  as w e l l  as t o  t h e  
eye. I n  f a c t ,  i t  fo l lows  from t h e  s t r u c t u r e  of t he  theory t h a t  t h e r e  must 
e x i s t  a set of ana log ie s  between co lo r  and speech, and t h e s e  can e a s i l y  be  
t e s t e d  by experiment. The gene ra l  theory provides  both t h e  b a s i s  of t h i s  
analogy and the  ex ten t  t o  which i t  can e x i s t .  This  knowledge of homology 
between t h e  two senses  can be turned i n t o  p r a c t i c a l  advantage i n  teaching  
t h e  deaf t o  speak and t h e  b l i n d  t o  read. Hope of f ind ing  t h i s  kind of 
sensory  s u b s t i t u t i o n  p o s s i b i l i t y  was from t h e  beginning one of t h e  motiva- 
t i o n s  i n  our approach. (*) We t h i n k  t h e  f u n c t i o n a l  sameness of c o l o r  and 
speech l eaves  no doubt t h a t  t h e  mechanismic approach i s  too  p r i m i t i v e  and 
narrow t o  provide a conceptual  b a s i s  fo r  psychophysics and percept ion .  
Here no analogy whatever e x i s t s  i n  t h e  mechanismic sense  and y e t  t h e  per- 
c e p t u a l  o rgan iza t ion  is  t h e  same as a r e s u l t  of t h e  l a w s  which are above 
and beyond mechanism. 
S i m i l a r  f unc t ions  do not  have t o  be performed by s imi l a r  mech- 
It fo l lows  t h a t  t h e r e  are th ings  which w e  can know without  know- 
A knowledge of t h i s  s o r t  i s  j u s t  as 
The same can be s a i d  f o r  
I n  t h i s  way w e  are a b l e  t o  conceive a theory  
I n  b i o l o g i c a l  r e sea rch  we a re  obsessed wi th  mechanisms. This  i s  
probably due t o  our  d e s i r e  t o  reduce everything t o  mechanics. Biology 
i n h e r i t e d  from physics  t h e  mechanical po in t  of view. It appears  so  n a t u r a l  
t o  assume t h a t  when w e  understand exac t ly  what i s  going on i n  t h e  eye,  w e  
understand t h e  eye. Y e t  t h e  understanding of t h e  human eye i n  t h i s  way 
would n o t  t e l l  anything about t h e  bee ' s  eye.  It would not  t e l l  anything 
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about the deficiencies of either of them; if a favorable mutation occurred 
and some deviation from our cherished "norm" is observed, we would be try- 
ing to condemn it. We may come to marvel at some deficiencies or side 
effects which do not belong and which other organisms have long since 
eliminated. What is common between the human eye and the eye of the bee 
is not mechanism; it is not to be found in the composite o r  lensed struc- 
ture, nor in the pulsed or continuous transmission of the messages, but 
outside the eye; namely, in the properties of light and the objects in 
the environment. In other words, the answer lies in the laws and regu- 
larities of the environment in which these organisms live and survive. 
The ideal in biology--as in any other science--is to become like 
But physics gave up the mechanical view a long time ago. The physics. 
most important advances in physics since the turn of the century came 
through certain abstract, general principles with no mechanical background 
or ingredient. Quantum theory or the theory of relativity have no mech- 
anisms. In fact, these theories can be said to be antimechanismic. No 
mechanical model can give light the properties it has, nor can any mech- 
anism result in Planck's formula of quantization. The probability ampli- 
tude interpretation of the wave functions in quantum theory is impossible 
to explain by any mechanism. Yet the abstract principles of these theories 
are more powerful, more exacting and simpler than any mechanism that can 
be imagined. For example, when p-mesons are absorbed in flight their 
lifetimes increase by the formula t = t q m  where t 
time at rest. 
lifetime increase by this ratio when p-mesons are in motion. Imagine that 
he has found a mechanism which will do this for the p-meson. But obser- 
vation tells us that the lifetime ofthe uranium atom, the process which 
makes a dog age or a man think, is (as inferred from unquestionable in- 
direct evidence) also slowed down by this same ratio when in motion by the 
same speed. Since the mechanism by which p-meson disintegrate and the 
mechanism by which a man thinks cannot be the same, the mechanism of their 
slowing down must also be different. 
mechanisms produce exactly the same ratio? 
is the life- 
0 0 
A mechanist will try to find a mechanism which makes the 
But then, why should all these 
The answer is that the effect 
7 
a r  thur ?It .Xitttc. Ilnr. 
under consideration is independent and outside of mechanism. 
structural property of the world we live in. It is a property of space- 
time in which all processes take place and all of them have simply to 
satisfy it. The value of this new statement is that without having the 
slightest idea of how a I.r-meson distingetrates or why a dog ages we can 
make predictions about the behavior of their lifetimes when in motion. 
This is really a most powerful feature of relativity. 
It is a 
In a sense we are pursuing a similar theory in perception. Al- 
though we may not know the exact mechanism which produces color phenomena 
in bee's eye and in man's eye, we are able to predict the overall behavior 
functionally. 
regularities of the environment and the need to survive. Both organisms 
in their separate ways must meet the requisite function. 
which did not evolve an efficient perception device must have vanished 
from the scene of struggle a long time ago. 
This behavior is a property required by the laws and the 
Those species 
Biology, we must always remember, is the science of living or- 
ganisms that have survived. At the present stage of our knowledge almost 
anything that we may state about a biological mechanism will be most 
likely wrong or incomplete. 
of nervous interconnections of a most complicated nature. No one knows 
what they accomplish, let alone how they accomplish it. Undoubtedly, 
these structures are there for a reason, and what goes on in them is 
beyond present comprehension. Any conjecture about their construction or 
their working will be almost certainly erroneous or speculative. 
we would like to know what they do and how they do it. But for this we 
must wait fifty or perhaps a hundred years. 
can follow every little ion or nervous pulse in order to understand color 
perception? 
fruitless with regard to certain questions which may otherwise be very 
simple to understand. To this end, however, we must pursue laws and 
statements which are independent of mechanism. 
the present report is to demonstrate, with supporting evidence, the 
Behind the human retina there are six layers 
I 
Of course, 
But should we wait until we 
We can see that the mechanismic approach can become rather 
One of the objectives of 
8 
practicality of such an approach for perception in general and for speech 
in particular. 
The fundamental statements from which a coherent theory of per- 
ceptual organizations may be constructed are many in number, but they can 
be grouped under two principal categories: 
A .  Physics of the environment and of the carrier 
B. Evolutionary history and the needs of the organism. 
These are evidently very general principles. 
purpose we must make explicit statements within both categories. We shall 
only give statements which are related t o  speech perception and only those 
which have a direct relevance to the present task, that is, the vowel per- 
ception including a modest generalization to time-dependent speech sounds. 
In the first category we have: 
To be of direct use to our 
1. Sound is the carrier of speech information. 
2. Vocal tract modulation is the means of speech production. 
3. Neural material poses no further restrictions. 
In the second category we have the statements: 
1. Perceptual organization models environment. 
2. Perceptual variables optimize survival. 
3. Percepts remain invariant under varying environmental 
conditions. 
In addition to these, some further statements such as the Geshtalt 
properties of percepts, homomorphic rather than isomorphic correspondence 
of perceptual organization, etc., could be added. However, these will be 
largely unnecessary for the present task. 
little stronger than need be. For example, instead of "optimize survival" 
and "remain invariant'' we could say "tend to optimize survival" and ''tend 
The statements are actually a 
9 
to remain invariant." We hope the reader will be understanding about these 
rather categorical statements after we explain why we feel this is probably 
more appropriate. A theory is, in general, an abstraction delineating gen- 
eral structural properties of a subject. It is better to state the general 
structure as unambiguously as possible and study the physical situation 
relative to it; especially in evolutionary matters pertaining to perception 
this seems useful. We know that the human eye is not perfect enough to be 
called optimum. But if we have an idea of what an optimum eye looks like, 
we may then investigate the human eye as to the stage of its evolutionary 
development. For example, the human color vision has nonlinear properties 
such that as intensity is increased the red-green sensation saturates before 
the blue-yellow sensation. 
further evidence that the red-green process evolved later than the yellow- 
blue process and therefore is less securely established. The other evi- 
dence is that the red-green color blindness occurs much more frequently 
than yellow-blue blindness. Theoretically, our approach explains these as 
follows: the yellow-blue process is related to an eigenfunction which has 
two extrema and crosses the axis only once., The red-green function, how- 
ever, has three extrema and crosses the axis two times. Consequently, the 
latter is expected to be implemented at a later stage of evolution. 
Clearly this is a deficiency but it gives us 
10 
11. THEORY OF VOWEL PERCEPTION 
A. PHYSICS OF SPEECH SOUNDS 
Sound waves being the carrier of speech information, we consider 
first the physical variables of sound distributions. 
wave of the air and, as such, it is a scalar function of space and time 
variables. A plane wave has a frequency u, and amplitude A, and a phase 6. 
. A complex So far as the ear is concerned, it can be written @ = Ae 
sound can be considered as a linear superposition of such waves. In speech 
perception we shall often omit the phase variable. This is because the 
phase is not a determining factor in speech although it becomes relevant 
in other auditory phenomena such as binaural hearing, residue, and beats. 
This is quite understandable if we consider the nature of speech production 
as an activity of the oral tract. As stated in one of our postulates, the 
various parts and cavities of the oral tract modulate a carrier complex 
produced by the vocal chords. 
of the activity of the vocal chords which, in general, can produce phase- 
coherent sounds. Another and somewhat less relevant argument against the 
phase influence on speech is that speech sounds usually undergo many re- 
flections from objects and are diffracted at corners and apertures. 
phase were used as a perceptual determinant, intelligibility under these 
conditions would suffer drastic changes, which is undesirable from an 
evolutionary point of view. 
Sound is a pressure 
iwt + 6 
Speech information is therefore independent 
If 
Thus, as far as speech perception is concerned, we may discard 
the phase to a good approximation and concentrate only on the energy spec- 
trum I = I$(u, t) 1 2 .  
ically, there will be no essential difference between the perception of 
voiced and whispered speech. 
be considered unessential to speech perception although, of course, very 
important for speaker identification and intonation. Furthermore, voice 
is much higher in energy than whisper and helps us to communicate at 
An immediate consequence of this is that, theoret- 
Voice quality of speech, by and large, will 
11 
considerable distances and in the presence of environmental noise. 
simplicity, then, we shall begin the development of our speech theory by 
considering whispered sounds alone, which are modulated noise distribu- 
tions. 
to voiced speech as well. 
For 
The resulting formulation should apply, with minor modifications, 
B. PRODUCTION OF SPEECH SOUNDS 
In formulating a theory of speech perception it is important to 
enter into the subtleties of speech production much further than the above 
description. 
the fundamental and harmonic structure of the sound produced by the vocal 
chords. 
repetition frequency which is the fundamental. When these puffs are ana- 
lyzed into Fourier series, the energy is seen to be distributed into a 
line spectra. In Figure 1 the harmonic content of a voiced vowel is shown. 
In the same figure the whispered form of the vowel is indicated by the 
noise distribution. We see that in both cases we are dealing with energy 
distributions over a range of frequencies. The fundamental frequency of 
voice which determines the voice pitch of the individual does not deter- 
mine the distribution properties which carry the speech information. 
The familiar tone quality of the human voice is related to 
The output of the vocal chords is a series of puffs with the 
A conspicuous feature in such distributions is that sound in- 
tensity is denser at certain areas than at others. The peaks are local 
energy concentrations called formants (Figure 1). They are related to 
the resonant characteristics of the vocal tract. For reasons of con- 
struction they are the sharpest concentrations obtainable by vocal tract 
modulation. Although in the traditional formant theory, a particular pair 
or triad of such energy peaks is supposed to determine a vowel, we shall 
reject their role in this sense and adopt the analysis of K. N. Stevens 
and A .  S. House,(3) that they are simply the normal modes of the vocal 
tract. A consequence of this line of thinking would be that the formants 
correspond to some limiting situations of speech perception as spectral 
lines play, in color vision, the role of limiting saturations. In other 
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words, formants would be  a determining f a c t o r  a f t e r  they are proper ly  
weighed according t o  t h e i r  p o s i t i o n  , s t r e n g t h ,  and sharpness  b u t ,  i n  them- 
s e l v e s ,  could no t  r ep resen t  a unique t h e o r e t i c a l  determinant .  I n  f a c t ,  
a sharp  enough formant would be  something l i k e  a w h i s t l e ,  and w e  know 
t h a t  t h i s  l i m i t  i s  n o t  a speech sound. It fo l lows  t h a t  a gene ra l  theory 
of hear ing  which inc ludes  w h i s t l e s  would con ta in  speech sounds,  bu t  t h e  
reverse i s  no t  n e c e s s a r i l y  t r u e .  
covered as a l i m i t i n g  c a s e  when a peak i s  very sharp .  
peaks occuring i n  human speech are r a t h e r  wide. 
t h a t  i s ,  t h e  width a t  3 db below t h e  maximum i s  about 10% - 15% of t h e  
c e n t e r  frequency. I n  terms of t h e  m e 1  scale, t o  be in t roduced  s h o r t l y ,  
they cover roughly 150 m e l s  over  t h e  speech spectrum. Simply s t a t e d ,  
t h e s e  cons ide ra t ions  imply t h a t  a speech theory can be cons t ruc ted  i n  
terms of no i se  d i s t r i b u t i o n s  a lone ,  and t h e  f i l t e r s  ( d e t e c t o r s )  need b e  
no b e t t e r  i n  width than 10% of t h e  cen te r  frequency. 
I n  our p r e s e n t  work w h i s t l e s  w i l l  b e  
The normal formant 
Usually t h e i r  wid th ,  
C .  PSYCHOPHYSICS OF SPEECH SOUNDS 
According t o  our  approach, the pe rcep tua l  o rgan iza t ion  i s  
modeled according t o  t h e  environment but n o t  n e c e s s a r i l y  i n  t e r m s  of d i r e c t  
p h y s i c a l  v a r i a b l e s .  This modeling sometimes completely ignores  a phys ica l  
v a r i a b l e ,  sometimes t ransforms a v a r i a b l e  i n t o  a psychophysical continuum 
t o  b u i l d  a homological model of t h e  e x t e r n a l  world. Thus w e  must assume 
t h a t  pe rcep tua l  o rgan iza t ion  i s  t o  b e  considered i n  a psychophysical space  
bu t  n o t  i n  t h e  space of phys i ca l  v a r i a b l e s .  We h e r e  cons ider  t h e  problems 
of range ,  t h re sho ld ,  and psychophysics of speech sounds. Phys ica l ly ,  t h e  
i d e a l  t h re sho ld  would be t h e  thermal  noise  l e v e l  below which t h e  hea r ing  
s e n s i t i v i t y  i s  a b s o l u t e l y  useless. Speechwise, t h e  th re sho ld  must be  
cons idered  somewhat h ighe r  because t h e  h e a r t  b e a t s  and b rea th ing  no i ses  
are a l s o  unimportant.  Furthermore, there  are,  i n  t h e  environment, n o i s e s ,  
winds,  and rumbles which are of t h e  same magnitude o r  h igher .  Taking 
t h e  speech th re sho ld ,  I ( v ) ,  a s  t h e  brea th ing  n o i s e  i n  a q u i e t  room (about 
10 db above t h e  a b s o l u t e  threshold)  we next  i n q u i r e  i n t o  t h e  psychophysics 
of loudness .  A s  w e  know, t h e  sensa t ion  of i n t e n s i t y  does n o t  grow pro- 
0 
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tion must satisfy certain general requirements of a perceptual nature. 
This requirement is the invariance of perception under the changes occur- 
ring in the speaking and environmental conditions. For example, when the 
overall intensity level of sound is increased or decreased, the speech 
must remain invariant. This means that if any two sensations, s and s 1 
corresponding to the intensities, i and i are compared, a common multi- 
I 
2 ’  
1 2 ’  
P(sl, s 2 )  = f(i i2) = f(Kil, Ki2) 1’ 
This formula is rather general and contains both the logarithmic law of 
Weber-Fechner and the power law of S. S. Stevens. ( 4 )  Although acoustic 
equipment is usually made according to logarithmic scales (an indication 
that currently more people believe in the logarithmic law) and although in 
the task we consider the difference between the two is not crucial, we 
shall prefer the power law of Stevens. One reason, of course, is that it 
represents the experimental data better. Another reason is that it follows 
from our theoretical arguments directly, whereas the logarithmic law re- 
quires additional assumptions. To see this we apply our statement that 
perceptual variables model the environment. Thus to the variable i there 
should correspond a psychophysical variable s .  Similarly, to the function 
f(il, i 2 ) there should correspond the perceptual function P(s 1’ s 2 ) ,  hav- 
ing a similar invariance property as above. From the invariance property, 
however, these functions can be written as f(i /i ) ,  P(s / s  ) and from the 
modeling postulate we have 
1 2  1 2  
Now let i = i, i = i + Ai. Expanding into Taylor’s series and taking 
only the lowest two terms, we have 
2 1 
As di P(1) + P ’ ( 1 )  y = f(1) + f’(1) i (3 )  
15 
ds fl(lF. The latter leads by integration from which P(l) = f(l), P'(1) --g = 
in the vicinity of il = i2 to the power law of Stevens. 
S 
Q = fl(l)/P1(l) ( 4 )  Q s = i  , 
Experiment shows that in the dynamical range covering speech sounds we have 
very nearly a = 1/3. 
fold, loudness value s very nearly doubles. 
sones and the scale is so chosen that an intensity of 40 db above the 
absolute threshold i is the unit sone. 
In other words if acoustic intensity is increased 8 
Loudness value is measured in 
0 
The dynamic range of speech can be expressed in terms of sones 
instead of the usual db. Since speech is intelligible from the faintest 
whisper to the pain level of 100 db, the range is from 0.1 to 100 sones. 
Normal voiced speech at a distance of three feet creates a loudness % 7 
sones and a whisper at 10 cm (whispering into a microphone) corresponds 
to % 5-6 sones. Note, in this connection, that loudness evaluation under 
the psychophysical function applies within a critical bandwidth which is 
roughly comparable to the center frequency. 
side this separation, loudness adds independently. 
nificant in relation to tristimulus curves (to be introduced in Section V) 
which have approximately the same bandwidth. 
these curves could not be considered linearly independent. Conversely, 
one may infer that the property emerges from a perceptual necessity in 
speech organization. 
It two frequencies fall out- 
We believe this is sig- 
Without the above property 
Next we inquire about the range and psychophysics of pitch sen- 
sation as related to speech perception. 
is the harmonic complex produced by the vocal chords. The fundamental and 
first few harmonics fall near the edge of the complex in frequency domain, 
and it is reasonable that lowest frequencies relevant to speech begin the 
second or third'harmonics. Since the fundamental is of the order of 120 
c/s for men and 200 c /s  for women, a lower limit of 300 c/s appears rea- 
sonable. 
A s  we stated, the carrier of speech 
A limit much lower than this value would involve the fundamental 
16 
frequency of the vocal chords contrary t o  one of our postulates. The 
upper limit probably is set by the inability of the vocal tract to produce 
frequencies above 4000 c/s. Assuming that this is the case and knowing 
that (for other reasons such as the necessity of adaptation transforma- 
tions) the delineation of the range is possible only within a considerable 
latitude, we shall take this range t o  be 300 to 4000 c/s or 250 to 3500 c/s, 
as the case may be. In other words, the speech sensitivity function, apart 
from possible transformations, will be considered to cover this range as 
a fairly smooth band-pass filter. The number of component filters cover- 
ing the range may then be found, n % log(4000/300)/log(l + 12.5%) = 12. 
In our work we have used 12 to 14 commercially available filters. 
A s  to the psychophsysics of pitch quality in this range, we may 
adopt again a power law interpretation of the standard pitch data. In the 
region of our interest this is given by 
(3) B p = 35.2(~ - v0) 
where B = 1/2,  v = 200 c/s. This formula expresses pitch in the units of 
mel. The reason for the mathematical form is again understandable in view 
of the necessity of a perceptual transformation. From person to person 
the size of the vocal tract varies, with individual proportions remaining 
fairly constant. This shifts the overall frequency structure without al- 
tering the structure of speech. Thus, an adaptation transformation in the 
speech range can operate only if the pitch formula is invariant under a 
multiplicative transformation of frequencies, and the power law certainly 
has this property. 
tensity as a function of frequency, I(v),is now to be interpreted as f(p), 
where f and p are both psychophysical variables. 
a psychophysical function space in which the perceptual organization is 
to take place. 
section. 
0 
In this way the original physical expression for in- 
These variables define 
Such an organization will be the subject of the next 
We may note in passing that pitch function also has the property 
17 
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of critical bandwidth. For example, the contribution of various fre- 
quency bands to speech intelligibility seems to follow a law; namely, the 
width appears to be about 150 mels over the whole speech spectra. 
roughly the half width of a typical formant. In other words, formants 
seem to correspond to certain linearly independent elements of speech per- 
ception, giving further support to K. N. Steven’s interpretation that they 
are normal modes of the vocal tract. In fact the critical bandwidth for 
noise making is also of the same order. One would tend to conclude that 
these regularities arise from a perceptual necessity related to speech and 
its organization in the psychophysical space. 
This is 
D. FUNCTION SPACE OF SPEECH 
The aim of the perceptual organization in relation to speech is 
to recognize various speech sounds produced by different speakers through 
the spectral composition and intensity of these sounds. As stated above, 
the perceptual organization is assumed to take place in a psychophysical 
space, linear in me1 and sones, and not in a physical space linear in 
frequency and intensity. Under a given listening condition and for a 
given speaker a fairly definite spectral (mel) distribution, f(p), can be 
associated with each produced sound (Figure 2). The problem of the ear 
is to recognize each relevant sound via its spectral composition. This 
means I(v), or more properly f(p), may be expanded into some functional 
series 
where f(p) is any 
independent sensitvity functions. The coefficients a a a2, ... deter- 
mine the percept to within a transformation. 
phonemic perception, and u o, ul, u2, ... are linearly 
0’ 1’ 
To find u u u ... we resort to evolutionary and statistical 1’ 1’ 2’ 
0 
arguments. 
we may well go back in time to the evolutionary stage before speech. 
If we consider u the first sensitvity function to be evolved, 
As 
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in color then the u can be assumed as the sensitivity to the presence of 
0 
stimulus energy. Similar arguments of relevance and weight then lead to a 
range and a relatively flat audiocurve (Figure 3 ) .  In the case of speech 
the distribution is rather related to the long-time averages. 
ephone Laboratories published a long-time energy spectrum of voiced speech 
which we have also shown in Figure 3. This curve is for voiced speech. 
Since the voice part is not strongly correlated with speech information 
we need the long-time average of whispered speech. This is inferred by 
US from comparisons of voiced and whispered vowels of many people and by 
modifying accordingly the curve obtained by the Bell Telephone Laboratories. 
According to our previous arguments the end points of the curve at 300 C/S 
and 4000 c/s are rounded off as shown in Figure 3. If this is the relevant 
energy spectrum statistically, then u 
0 
to maximize sensations (Figure 5). 
Bell Tel- 
must have the same shape in order 
We consider u normalized to unity (not a loss of generality) and 
inquire next about u There is a perceptual requirement that u be orth- 1' 1 
ogonal to u so that percepts are separable, and that there is no overlap. 
The u can be taken as the second member of a set of functions uo, ul, u2, ... 
which are mutually orthogonal and each maximizes the response with respect 
to statitstical parameters in the stimulus distributions. For example, 
there is a class of stimuli which contains more energy in the long wave- 
length region than in the short wavelength region within speech spectra. 
Such sounds are u-like in vowel quality. If we subtract the overall 
average from the average of this class we find a function which is similar 
to a sine curve. The exact shape of this sine-like curve could be deter- 
mined from the optimality of response and some mathematical conditions of 
regularity such as the continuity and boundary conditions. In the next 
step u can also be determined from similar conditions, etc. Here instead 
of going through this process we simply resort to some well-known mathe- 
matical arguments: 0 
the end points of which go to zero sharply, then the set of eigenfunctions 
are the Fourier functions u If, on the other 
hand, u is a Gaussian shape, then the sets are the eigenfunctions of a 
0 
0 
1 
2 
if u was approximated as a perfectly flat function 
= 1, u1 = sin$, u2 = cos+ . 
0 
0 
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2 2 2 . Al- 2 -p / 2  , u2 = (1 - P >e -p /2 -p / 2  linear oscillator uo = e 9 u1 = Pe 
though these are mathematically different expansions, they are fairly 
similar structurally. 
rounding off of the eigenfunctions near the upper and lower limits (Fig- 
ure 4). 
a slightly better representation will not alter the conceptual structure 
of the present work. We introduce, therefore, the angle variable of the 
Fourier series as a linear function of me1 
We shall take the Fourier functions with minor 
We believe that further refinements of the theory which adopt 
which gives 6 in degrees (a mere relabeling of me1 scale). It is in- 
teresting to note that arguments based on the sensitivity curves of the 
human ear would lead to similar conclusions. 
data to audio frequencies and to speech intelligibility are given in me1 
and the sone scale. The audio curve is for 70 db and the speech curve is 
for 60 db. 
In Figure 5, the sensitivity 
The amplitude of Fourier functions (dynamic range) may be argued 
on two independent pieces of information. One of these is the actual 
vowel spectra in which low and high energy regions differ 'on the average 
by 20 - 30 db. 
a given sound if noise is 20 db stronger than the sound. This means that 
the amplitude to which u 
the loudness region we have adopted, this is about 2 - 3 sones. 
The second clue is the related fact that noise will mask 
and u2 are normalized will be 10 - 15 db. In 1 
Regarding the number of eigenfunctions required, we argue as 
follows: The formant size covers approximately 150 mels, whereas the loud- 
ness summation is approximately three times larger. This means loudness 
summation extends 450 mels. This is just enough to allow sine and cosine 
curves, namely u and u but u = sin20 will result in perceptual ab- 1 2'  3 
errations. 
higher functions, it is indicative at least that their weight must be con- 
siderably smaller. 
Although this is not sufficient reason to rule out u and all 3 
Another argument with regard to the number of functions 
24 
comes from the variability of formant positions for different people, and 
for one person under different articulations. This variability is often 
three times as large as the formant band itself. Consequently, the organ- 
ization within which formants gain the meaning of perceptual elements must 
be about three times wider. This again leads to the estimate that perhaps 
the first three Fourier functions 
are essentially sufficient in speech perception. In any case, we shall 
adopt this minimum number and leave to the future any improvement to be 
brought about by the introduction of new functions. The three coeffi- 
cients ci and a of any distribution f(@) are then given by 
0’ al’ 2 
a 0 =J2’d$ uof, a 1 =d2’d@ ulf, a 2 =L2’d+ u2f ( 8 )  
Since u u and u are orthogonal functions, a speech sound 0’ 1’ 2 
may be represented formally as a vector in a Cartesian system of three 
dimensions. The Cartesian coordinates of the vector are a a and a 0’ 1’ 
(Figure 6 ) .  
2 
The same vector can also be represented by polar coordinates 
2)1’2 and a These new coordinates have direct psycho- + , r = ( a 2 + a  1 2 0 ‘  
logical meaning; namely, they determine the three psycholophysical attri- 
butes: loudness, vowel chromaticity, and saturation. 
a loudness 0 
@ tf chromaticity 
0 = r / a o  tf saturation 
Note that loudness is a positive quantity indicating that all vowel vectors 
point into the upper part of space. Furthermore, there can be no a and 
a 2  coordinates if loudness is zero, 
within a cone of maximum saturation (Figure 6 ) .  
1 
This means that all vowel vectors lie 
c 
L 
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2 2 2  
0 a 2 + a  < ~ a  1 2 
Figure 7 shows a section of the speech cone with associated organization 
of vowels. 
as the loci of individual formants, although the loci of pure tones defines 
a larger cone with C = 1. It follows that pure tones carry a certain vowel 
quality, and the pitch must have a circular property. We must, however, 
refrain from further arguments in this respect and return to speech proper. 
In speech perception the maximum saturation cone may be taken 
E -  TRANSFORMATIONS IN SPEECH SPACE 
Everyday conversation is carried out mostly under noisy listen- 
ing conditions. The noises involved range from the rustle of leaves in the 
wind to the hum of the air conditioner in a room, and often possess vowel 
quality. Of course, these add physically to the speech spectrum and pro- 
duce measurable changes in the sound distribution. In order to better 
serve the organism, the ear has evolved a perceptual transformation which 
removes the vowel quality from such sounds and reduces them to an achromatic 
noise quality. The purpose of the transformation is to leave speech content 
invariant. It can be considered as an adaptation phenomenon with a time 
constant larger than, or of the order of, that required for an average 
sentence (2 - 5 seconds). 
transformation to be linear. 
To a good approximation we shall assume this 
a ‘ = R  a + R  a + R  a + E ,  1 11 1 12 2 10 0 1 
‘ = R  a + R  a + R  a + c 2  
a2 21 1 22 2 20 0 
‘ = R  a + R  a + R  a + q o  
aO 01 1 02 2 00 0 
where primed are the new coordinates after the onset of, say, an air 
1, c2,  and E, are small and conditioner noise. The inhomogeneous terms 5 0 
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usually negligible. 
conditioner possess a vowel quality lying in a a 
saturation relative to previous adaptation be o = a /a 
inhomogeneous terms, we have, after the adaptation, 
a' = R a + R a = 0 and aO' = R a + R a because the air conditioner 
does not have vowel quality in the new adaptation. 
From the reversibility of the situation, 
solubility of the equations we get R 
condition may be that the highly saturated vowels remain highly saturated 
after the transformation, namely, the maximum saturation cone is invariant 
under the transformation. With this fourth condition, all the coefficients 
are determinable, and we have 
To find the form of the transformation let the air 
direction, and let its 
Neglecting the 
1 
1 0' 
11 1 10 0 01 1 00 0 
This gives a = R 11 /R 10' 
we find Rlo = RO1 and from the 
- R R = 1. An additional OORll 10 01 
where the maximum saturation is taken to be unity ( C  = 1) as arranged ear- 
lier by a proper choice of units. We shall find that these formulae ex- 
plain, to good approximations, transformation phenomena under steady noise. 
However, if o is close to unity, these formulae will break down. 
F. TRANSFORMATIONS IN RUNNING SPEECH 
If the noise is not steady, or speech is running with a tonal 
quality, or with filter characteristic (such as listening in a room with 
bad acoustics), we need a weighting process to find the average saturation 
to be used in (12). This average will be defined over a finite adaptation 
time, T, and satisfy the conditions of achromaticity on the average, 
ra2'(t)dt = 0 
Evaluating u with (12), we find the relative saturation to have the 
components, 
29 
-k(t - t ) 
0 
In these formulae, a weight function, say, of the form e may 
improve the accuracy, but we did not have time to test such a possibility. 
However, the approximate validity of the above formulae are easily 
demonstrated. 
G *  THE INHOMOGENEOUS TERMS 
and 5 are investigated. They 1’ <2’ 0 The inhomogeneous terms 5 
correspond to a perceptual necessity that when heard in the presence of 
environmental filtering actions, not only the vowel quality is added, but 
the  magnit i~de of the vowel is altered according to its chromaticity. In 
Figure 8 one sees that in order to measure the angle and magnitude simul- 
taneously in a new frame a shift of the origin of coordinates is necessary. 
As will be seen in the experiments with the Land analogue, the inhomogen- 
eous terms lead to qualitatively unexpected consequences. This makes their 
explicit mention necessary here, although the magnitude of these terms is 
quite small. 
H* VOICED VOWELS, TONE QUALITY 
A s  argued earlier, the theory of speech we have presented is in- 
dependent of voice quality. A s  the normalized curves of Figure 3 imply, 
our theory should apply to voiced speech as well if the lower part of the 
spectrum (the region 100 - 700 c /s  area) is attenuated 15 to 20 db by a 
filter. In other words, apart from this readjustment, the expansion 
curves, transformations, vowel circle and all other concepts should, ac- 
cording to the theory, be universal and the same whether the speech is 
voiced, or whispered, or spoken by a male or a female. 
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The study of voice quality and the problem of speaker identifi- 
cation is a different subject than speech proper. We plan to study this 
in the future in relation to a theory of residue perception that we have 
developed. 
may be constructed to good approximation from that person's achromatic 
vowel (that is, 3r sound) by multiplying it with standard (whispered) 
vowel curves. 
At present we note only that a l l  voiced vowels of a person (5) 
Our theory of vowel perception is now conceptually complete, 
that is, mathematically self-contained within its assumptions. Minor 
readjustments on the range, threshold, even in the form of psychophysical 
functions, or the nature of expansion will not make qualitative change, 
although quantitatively better approximations would be achieved. 
the implicitly assumed metricity of the vowel space is not valid to high 
approximations, but this will change only the second-order sequences of 
the transformations. First-order effects would still be true in a pro- 
jective space where maximum saturation is not invariant. 
dwell at present on these finer points as we have not yet ascertained 
them. 
Perhaps 
We shall not 
I. TIME DEPENDENT CASE 
Before we start the descriptions of equipment and procedures, it 
would be necessary to state that what we have so far is not a complete 
theory of speech, but only a vowel theory. Nevertheless, some of the 
experiments will have to do with running speech. 
formation laws will be found valid for both vowels and consonants. We 
interpret this as an indication that the vowel theory really provides a 
basic framework for speech in general. If this is correct, a theory of 
consonants and of the running speech may be initiated on the basis of the 
following simple generalization 
For example, the trans- 
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where the time dependence of a general speech sound f(p, t) is separated 
into the a-coefficients. This would mean that speech is a time-dependent 
pattern in the speech space. 
generalization and the necessary experimental procedures for their 
verification are being considered as the subject of the next phase of 
our work. 
The additional statements to cover this 
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111. DESCRIPTION OF THE EQUIPMENT 
The theory p resen ted  i n  t h e  l as t  s e c t i o n  may appear r a t h e r  a b s t r a c t  
and e l u s i v e ,  bu t  i n  essence i t  is  s u f f i c i e n t l y  s p e c i f i c  t o  provide a l l  t h e  
r equ i r ed  parameters and t h e i r  numerical values  f o r  t h e  c o n s t r u c t i o n  of a 
device t o  test t h e  v a l i d i t y  and t o  demonstrate t h e  p r a c t i c a l  u se fu lness  
of our  approach. 
and performance of a device which we b u i l t  on t h e  b a s i s  of our approach. 
W e  s h a l l  t hen  make suggest ions f o r  i ts  f u r t h e r  improvement. 
I n  t h i s  s e c t i o n  w e  s h a l l  f i r s t  d e s c r i b e  t h e  c o n s t r u c t i o n  
The device shown i n  Figure 9 is a complete and s e l f c o n t a i n e d  u n i t .  
It has  i t s  own power supply and a speaker.  A four- t rack t ape  r eco rde r  i s  
a l s o  inco rpora t ed  as a sound source.  Func t iona l ly ,  t h e  device can be d i -  
vided i n t o  two p a r t s :  (a )  t h e  frequency ana lyze r  and (b) t h e  vowel d i s -  
p l ay  u n i t .  
The frequency analyzer  i s  schematical ly  shown i n  Figure 10. 
Inpu t  sound, such as f l a t  n o i s e  o r  speech, i s  recorded on t h e  two t r a c k s ,  
A and B on t h e  t ape .  
of t h i s  t r a c k  is  f e d  d i r e c t l y  through an a m p l i f i e r  and then  t o  a speaker .  
Any sound w e  want t o  use  as r e fe rence  is  recorded on t r a c k  A. The ou tpu t  
of t r a c k  B i s  d i r e c t e d  t o  a bank of twelve 1 /3  oc tave  Al l i son  f i l t e r s  
whose range covers  300 - 4000 c / s  and whose widths  are equa l  on t h e  loga-  
r i t h m i c  frequency s c a l e .  The output  of each f i l t e r  is  then d i r e c t e d  t o  a 
po ten t iome te r .  
t h e  f r a c t i o n  of f i l t e r  output  taken is  i n d i c a t e d  by t h e  d i a l  s e t t i n g .  
The ou tpu t  of t h e  12 f i l t e r s  i s  then  summed by summing-amplifiers. 
f u r t h e r  a m p l i f i c a t i o n  t h e  summed output i s  f e d  t o  a speaker.  
is  provided t o  select e i t h e r  t r a c k  A or t r a c t  B so  t h a t  t h e  f i l t e r e d  
sound can be compared t o  t h e  r e fe rence  sound. 
an a n a l y z e r  has  been s a t i s f a c t o r y .  
by t h e  device frog f l a t  noise through an appropriate combination of 
d i a l  s e t t i n g s .  A syn thes i zed  vowel i s  then compared wi th  a n a t u r a l  
Track A is  used as a r e fe rence  t r a c k .  The ou tpu t  
To each potent iometer  t h e r e  i s  a d i a l  a t t ached  s o  t h a t  
Upon 
A switch 
The performance of such 
For example, a vowel i s  syn thes i zed  
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FIGURE 9 
Photograph showing the frequency 
analyzer and the vowel display device 
assembled as  an integrated unit. 
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vowel which has  been recorded on t r a c k  A and which t h e  synthesized vowel 
i s  intended t o  be.  The comparison i s  judged by ear. Adjustments are made 
t o  t h e  d i a l  s e t t i n g s  u n t i l  t h e  synthesized vowel is  p e r c e p t u a l l y  c l o s e  t c  
t h e  n a t u r a l  vowel. The d i a l  s e t t i n g s  on t h e  ana lyze r  then i n d i c a t e  d i -  
r e c t l y  t h e  spectrum amplitude of t h e  synthesized vowel. 
ana lyze r  achieves t h e  fol lowing:  (a) t he  device renders  q u a n t i t i e s  of 
measurements of syn thes i zed  vowel s p e c t r a  which cannot be de t ec t ed  by t h e  
ear as d i f f e r e n t  from t h e  n a t u r a l  vowel spectrum and (b) t h e  device can be 
used t o  demonstrate t h a t  a l l  vowels can be formed from t h e  n e u t r a l  vowel 
(e)  by j u s t  f i l t e r i n g  wi th  t h e  simple funct ions provided by our  theo ry .  
I n  t h i s  way t h e  
From t h e  t h e o r e t i c a l  d i scuss ion  given i n  t h e  earlier s e c t i o n s  
w e  see t h a t  t h e  ana lyz ing  f i l t e r s  need only be as narrow as t h e  formant 
width,  t h a t  i s ,  approximately 150 mels. Within t h e  chosen range of 
300 - 4000 c / s  (1800 mels) t h i s  means N P 1800/150 = 12 f i l t e r s ,  which 
is t h e  number w e  have ciioseil f o r  the filter hank i n  t h e  analyzer  shown 
i n  F igu re  10. However, t h e s e  12 f i l t e r s  are equa l ly  spaced i n  loga r i thmic  
frequency s c a l e  as a l l  commercially a v a i l a b l e  f i l t e r s  are. This means 
t h a t  t h e  width of f i l t e r s  a t  t h e  high frequency end is  approximately 
200 m e l s ,  whereas t h o s e  a t  t h e  lower frequency are approximately 100 
m e l s .  
width i n  t h e  m e 1  scale. I n  o r d e r  t o  achieve t h i s  a f i n e r  set of f i l t e r s  
o f  width 1 / 6  oc t ave  would be more recommendable. Furthermore, t h e  c e n t e r  
frequency and t h e  width of t h e  band should be a d j u s t a b l e  s o  t h a t  d i s -  
t o r t i o n s  caused by non l inea r  o r  l oga r i thmic  a m p l i f i c a t i o n  can be removed 
by adjustment .  
P r e f e r a b l y ,  i t  is  d e s i r a b l e  t o  have f i l t e r s  which are of equa l  
This i s  no t  p o s s i b l e  f o r  t h e  p re sen t  device.  
The vowel d i s p l a y  u n i t  is  shown schemat i ca l ly  i n  Figure 11. 
It c o n s i s t s  of t h e  fol lowing p a r t s :  
A. INPUT STAGE 
This  c o n s i s t s  of an impedance-matched p r e a m p l i f i e r  w i th  b u i l t -  
i n  compensation f o r  voiced vowels. Compensation i s  achieved by a R-C 
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FIGURE 11 Schematic diagram of vowel display unit. 
network, which provides  an a t t e n u a t i o n  of 20 db a t  low f r e q u e n c i e s ,  
g radua l ly  dec reas ing  t o  z e r o  a t t e n u a t i o n  a t  high f r equenc ie s .  
switch i s  provided which selects e i t h e r  t h e  whispered channel o r  t h e  
voiced channel. 
A manual 
When t h e  i n p u t  sound i s  a whispered one, then t h e  whispered 
channel is  s e l e c t e d ,  and t h e  compensation network i s  l e f t  ou t  of t h e  
c i r c u i t .  
d i s t o r t i o n .  
s e l e c t e d .  I n  t h i s  p o s i t i o n  t h e  compensation network is  inco rpora t ed ,  t hus  
l e v e l i n g  o f f  t h e  build-up of t h e  voiced sounds i n  t h e  lower frequency 
range. 
I n  t h i s  way t h e  whispered sound p a s s e s  t h e  p r e a m p l i f i e r  without  
I f  t h e  i n p u t  sound is a voiced one, t h e  voiced channel is 
B. FILTER BANK 
The f i l t e r s  i n  t h e  bank are t h e  ones used i n  t h e  vowel analyzer  
desc r ibed  earlier. 
bank i s  used both f o r  t h e  vowel analyzer  and t h e  vowel d i s p l a y  device.  
The reason f o r  doing so is t o  keep t h e  c o s t  of c a p i t a l  expendi ture  w i t h i n  
l i m i t s .  However, as w e  s h a l l  d i s c u s s  l a t e r ,  a set of f i l t e r s  w i th  char- 
acterist ics d i f f e r e n t  from those  used i n  t h e  ana lyze r  i s  d e s i r a b l e  f o r  
s u p e r i o r  func t ion ing  of t h e  vowel-display device.  
The equip---+ ulcLlc is sc des ig~ led  t h a t  the same f i l t e r  
Since t h e  dynamic range of t hese  f i l t e r s  i s  l i m i t e d  t h e  amplif i -  
c a t i o n  f a c t o r  of t h e  p r e a m p l i f i e r  must b e  made t o  vary s o  t h a t  i t s  ou tpu t  
l e v e l  i s  always w i t h i n  i t s  limits. 
ou tpu t  level of t h e  p r e a m p l i f i e r  before  t h e  s i g n a l  is  passed on t o  t h e  
f i l t e r .  During each experiment t h e  output l e v e l  of t h e  f i l t e r  must be 
a d j u s t e d  w i t h i n  t h e  i n d i c a t e d  range on t h e  meter. A s  i n  t h e  ana lyze r ,  
t h e  o u t p u t  of each f i l t e r  can be va r i ed  so t h a t  i t  i s  p o s s i b l e  i n  t h i s  
d i s p l a y  dev ice  t o  o b t a i n  any assumed s e n s i t i v i t y  curve.  
s e n s i t i v i t y  curve,  as shown by o u r  approach, i s  of extreme importance 
s i n c e  i t  t a k e s  i n t o  account t h e  pe rcep tua l  p r o p e r t i e s  of t h e  ear. 
A meter i s  inco rpora t ed  t o  show t h e  
The use of t h e  
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C. LOGARITHMIC DETECTOR 
It c o n s i s t s  of a bank of 12 P h i l b r i c k  loga r i thmic  a m p l i f i e r  
and diode r e c t i f i e r s .  
t h e  ou tpu t  of t h e  f i l t e r s  i s  i n d i v i d u a l l y  d e t e c t e d ,  i n t e g r a t e d ,  and loga- 
r i t h m i c a l l y  compressed t o  provide 12 s i g n a l s ,  each p r o p o r t i o n a l  t o  db. 
These s i g n a l s  are s e p a r a t e l y  weighed wi th  r e s i s t o r s  and then summed. 
weight ing f u n c t i o n s  t h a t  should be used have a l r eady  been suggested by 
t h e  theo ry  d i scussed  i n  t h e  previous s e c t i o n s ,  namely, they are cos ine  
and s i n e  f u n c t i o n s  wi th  rounded ends. 
f u n c t i o n s  are approximately by pure s i n e  and cosine curves on t h e  l o g a r i t h -  
m i c  frequency scale. 
With t h e  a i d  of t hese  a m p l i f i e r s  and r e c t i f i e r s  
The 
I n  t h e  p re sen t  device t h e  weight ing 
D. OUTPUT STAGE 
The t w o  f i n a l  o u t p u t s ,  t h e  s i n e  and t h e  cos ine  components of 
t h e  l o g a r i t h m i c  i n t e n s i t y  spectrum a f t e r  c o r r e c t i o n  f o r  t h e  ear 's  sens i -  
t i v i t y ,  are supp l i ed  t o  t h e  X and t h e  Y axes of an o s c i l l o s c o p e  t o  provide 
t h e  d i s p l a y .  Any compensation 
of background n o i s e  and t h e  c e n t e r i n g  of t h e  (e)  sound can be accomplished 
by t h e  X-Y s h i f t i n g  of t h e  o s c i l l o g r a p h  s p o t  t o  t h e  c e n t e r  of t h e  scope, 
when such sounds are maintained a t  t h e  inpu t .  
The Tektronix RM 503 osc i l l o scope  i s  used. 
The vowel d i s p l a y  u n i t  descr ibed above gives  s a t i s f a c t o r y  per- 
formance. However, f o r  f u t u r e  cons t ruc t ion  of such d i s p l a y  u n i t s  w e  
sugges t  t h a t  t h e  fol lowing f e a t u r e s  be incorporated:  
1. The f i l t e r  bank should b e  composed of f i l t e r s  of width no 
Each f i l t e r  should be of equa l  width wider  t han  1/6 octave o r  50 m e l s .  
i n  t h e  m e 1  scale. 
2.  From t h e  p o i n t  of view of r ecogn i t ion ,  i t  i s  d e s i r a b l e  t o  
This have each vowel d i sp l ayed  d i s t i n c t l y  and sepa ra t ed  from t h e  rest. 
can b e  achieved by s l i g h t  mod i f i ca t ion  of t h e  weight ing func t ions .  Hence 
. 40 
it is advisable in future devices to use adjustable potentiometers rather 
than fixed resistors to produce the weighting functions. 
3 .  R-C discharge networks of time constant 5 to 10 seconds 
should be added to the X-Y deflectors of the oscilloscope so that any 
persistent sound, such as background noise, is automatically discounted 
by the display device, thus making it more nearly a perceptual device. 
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I V .  EXPERIMENTAL SECTION 
A s  t h e  cons t ruc t ion  of t he  device descr ibed  i n  t h e  previous sec- 
t i o n  progressed,  va r ious  experiments became p o s s i b l e  t o  perform. I n  t h i s  
s e c t i o n  w e  s h a l l  p re sen t  t hese  experiments which w e  b e l i e v e  support  t h e  
use fu lness  and e s s e n t i a l  co r rec tness  of t h e  evo lu t iona ry  theory .  A l l  t h e  
experiments repor ted  h e r e  were suggested d i r e c t l y  by t h e  theo ry ,  and t h e i r  
outcomes were i n  agreement wi th  those  p red ic t ed  by t h e  theory.  A t  t i m e s  
i t  has  n o t  been p o s s i b l e  t o  c a r r y  t h e  experiments t o  a h igh  degree of ac- 
curacy bu t  t h e  q u a l i t y  and t h e  magnitude of t h e  e f f e c t s  have been ascer-  
t a ined  beyond reasonable  doubt.  Fu r the r  improvements on t h e  q u a n t i t a t i v e  
a s p e c t s  of t h e  experiments s e e m  t o  b e  merely a matter of t i m e  and f a c i l i t y .  
With b e t t e r  equipment and t r a i n e d  observers  i t  should b e  p o s s i b l e  t o  i m -  
prove t h e  accuracy and s t a t i s t i c s .  Well aware of our  l i m i t a t i o n s  of money 
a n d , t i m e  w e  have no t  taken  t h e  d i r e c t i o n  of h igh  ref inement .  
so  many p r e d i c t i o n s  t o  be  checked and each of them involved s o  much d e t a i l  
and r a m i f i c a t i o n  t h a t  w e  had t i m e  only t o  make s u r e  i f  t h e  e f f e c t s  were 
t h e r e  p e r c e p t u a l l y ,  and i f  t h e  d i r e c t i o n  and magnitudes were c o r r e c t .  
Never the less ,  w e  have developed considerable  confidence i n  t h e  theory be- 
cause w e  now have more than twenty experiments,  any one of which could 
have given a r e s u l t  o t h e r  than  t h a t  pred ic ted .  
There were 
1. According t o  our  theory the re  i s  a s t r u c t u r a l  homology 
between t h e  vowels perceived by t h e  human ear and t h e  c o l o r s  seen by t h e  
human eye. The very  f i r s t  experiments presented are  t h e r e f o r e  t h e  exac t  
analogues of  Newton's experiments on t h e  n a t u r e  of co lo r .  
mediate  t a s k s  has  been t h e  i d e n t i f i c a t i o n  of a vowel which i s  t h e  analogue 
of whi te .  
composition of t h i s  "white vowel" as t h e  long-time average of whispered 
speech.* 
One of our  i m -  
For reasons  explained i n  Sect ion I1 w e  def ined  t h e  s p e c t r a l  
P e r c e p t u a l l y  i t  i s  very c l o s e  to  t h e  desa tu ra t ed  vowel phoneti-  
* 
Due t o  t h e  e x i s t e n c e  of t ransformat ions  t h e  p r e c i s e  d e f i n i t i o n s  of a wh i t e  
vowel i s  n o t  p o s s i b l e .  
accep tab le  i f  i t s  maximum and minimum d i f f e r  from i t s  average by less than 
3 t o  5 db. Such a d i s t r i b u t i o n  w i l l  sound as one of t h e  desa tu ra t ed  vowels 
For example, a continuous n o i s e  d i s t r i b u t i o n  is  
, a , A or  something i n  between t h e s e  (Figure 7 ) .  
cians des igna te  
umlaute ii). 
whispered vowels of va r ious  people  and i n f e r r e d  t h e  whisper average from 
t h e  publ ished B e l l  Telephone Labora to r i e s '  r e s u l t s  on voiced average. 
Then t h i s  whisper average curve i s  cons t ruc ted  wi th  t h e  h e l p  of our  f i l t e r s  
by modifying t h e  output  of a s tandard  "white noise"  genera tor .  
s en ted  t o  t h e  ear i n  s u i t a b l e  i n t e r v a l s  (say,  he ld  112 second every 2 
seconds) i t  sounds l i k e  8, 
9' ( a s  i n  b i r d  - o r  b i r t h  with a s l i g h t  t i n g e  of German 
For t h i s  i d e n t i f i c a t i o n  we f i r s t  compared t h e  voiced and 
When pre- 
2. The whispered 3' sounds of  a person of e i t h e r  sex w e r e  
f i l t e r e d  by our  f i l t e r  system t o  see i f  we could o b t a i n  a l l  t h e  o t h e r  
vowels of t h e  same person. This  w a s  found t o  be  p o s s i b l e  i n  a l l  cases .  
What w a s  more, t h e  f i l t e r  s e t t i n g s  which turned a person ' s  i n t o  t h e  
same pe r son ' s  u ,  a, i, e t c . ,  showed some degree of u n i v e r s a l i t y ,  namely, 
t h e  s a m e  s e t t i n g s  would t u r n  another  person ' s  
a, i. This  s ta tement  i s  a l s o  e s s e n t i a l l y  t r u e  f o r  voiced vowels and lends  
d e f i n i t e  suppor t  t o  t h e  co r rec tness  of the  p re sen t  approach. 
responds t o  Newton's prism experiments i n  co lo r .  
3* i n t o  t h a t  person ' s  u ,  
It cor- 
3. Conversely,  t h e  u, a, i, e,  e tc . ,  vowels obta ined  by anal-  
yzing a pe r son ' s  # were summed toge the r  (g raph ica l ly )  and t h e  produced 
r e s u l t a n t  sound w a s  perce ived  as t h e  o r i g i n a l  -)* sound. This  i s  anal-  
ogous t o  Newton's s y n t h e s i s  of whi te  by passing co lored  l i g h t  produced by 
a pr i sm through a second prism. 
of Maxwell's product ion of wh i t e  by r o t a t i n g  a top  wi th  co lored  s t r i p e s  on 
i t s  pe r iphe ry .  Another experiment of t h e  same n a t u r e  would b e  t o  sum a l l  
t h e  vowels produced by a person and l i s t e n  t o  t h e  r e s u l t a n t  sound. For 
voiced sound t h i s  is  q u i t e  d i f f i c u l t  because one must a s c e r t a i n  t h a t  a l l  
t h e  vowels are produced w i t h  t h e  same 
been p o s s i b l e  f o r  us t o  do. For whispered vowels i t  i s  easier. We have 
summed t h e  vowels of a person g raph ica l ly  and reproduced t h e  same r e s u l t a n t  
shape by f i l t e r i n g  wh i t e  no i se .  
whispered 
It may be s a i d  t h a t  i t  i s  a l s o  t h e  analogue 
fundamental frequency. This  has  no t  
It w a s  indeed e s s e n t i a l l y  t h e  same as t h e  
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4 .  
primaries." 
A s  in color there exist vowel triads which may be called 
The meaning of these primaries is that by a suitable com- I t  
bination of three primaries any other vowel can be obtained. 
the choice is not unique, and many triads can be chosen equally well, the 
saturated u, E ,  and i shown in Figure 7 forms a particularly convenient 
set to demonstrate the primaries. 
were sufficiently acceptable. The sum of i and E gave e, the sum of 
and u gave a, 0 ,  u, etc. The produced vowels were not always as saturated 
as the primaries (also true in color) but they were acceptable as clear 
vowels for all practical purposes. 
Although 
All vowels obtained from these primaries 
5. If two whispered vowels were mixed and then presented 
through the same loudspeaker, the sensation was a sound which could be 
represcnted on the vowel circle as a point lying between these two vowels 
(Figure 7) .  This is in agreement with our prediction that the point will 
lie at the centroid of the two VOWPIS. This statement shows that laws 
similar to those of Grassman are also operative in vowel space. The only 
exception here is that although in color space pure frequencies are still 
colors, in audioperception pure frequencies have qualitatively a further 
whistle-like distinction. Two pure frequencies do not add up to a third 
synthetic sensation but are separately perceivable. This statement is not 
true for whispered vowels which have a width of the order of 150 mels or 
more. Thus as far as vowels are concerned the ear behaves synthetically 
like the eye. It does not behave analytically as is often held by 
students of audioperception. Figure 7 shows in a somewhat exaggerated 
way the delineation of the domain of whistles and vowels. 
6 .  The question of vowel quality perceived in pure frequencies is 
an interesting one. We have made some effort in this direction but we were 
subsequently informed that G .  Fant has made extensive research on this sub- 
ject. (6)  The result of his work is consistent with our diagram (Figure 7) ,  
that is the 400 - 650 c/s range is associated with u, the 650 - 900 c/s 
range with 0, and the 900 - 1100 range with a, etc. Our own experiments and 
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the work of T. Chiba and M. Kajiyama support this conclusion. (5) 
theory automatically provides a reasonable explanation of these data pertain- 
ing to pure tones, because pure tones represent in our theory the limiting 
case of maximum saturations. 
Thus the 
7. From a series of experiments the analogues of C.I.E. tri- 
stimulus curves were inferred. The method we used is again similar to that 
in color and involves the prepresentation of the data on vowel mixtures by 
three non-negative smoothly varying functions. Since we are interested in 
vowel quality alone, the problem is two dimensional and one of the functions 
can be chosen within quite a latitude. 
various distributions heard by the human ear in such a way that the formulae 
The problem is then to represent 
provide the correct coordinates of mixed sounds. Here f(p) is the mixed 
distributions and s ( p ) ,  y ( p ) ,  and z(p) are the tristimulus curves. 
process turned out to be much more involved than we originally assumed. 
What was done instead is to infer the adequacy, within present experimental 
accuracy, of a set of three theoretically deduced curves (Figure 12). These 
curves correspond roughly to u,  E,  and i sounds and are in essence a linear 
transformation of the Fourier functions u u and u 
This 
2 '  0' 1' 
I y = uo + -  u2 
6 
z = u  
- 
We can see that the new functions are no longer orthogonal. An interesting 
fact with these functions is that if we insist on two of them having only 
one maximum each, then the third function must have two maxima. This is, 
of course, true also for color vision. A long time ago, when this was 
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experimentally discovered in color vision it was thought to be a coinci- 
dence. The argument went as follows: 
the basis of absorption of light and the sensitivity functions are ab- 
sorption curves of certain chemicals such as rodopsin. By an evolution- 
ary quirk the third photochemical happened to have a second bump. 
can see from our theory that this is no quirk at all and appears necessary 
perceptually for the circular arrangement of colors and vowels. For ex- 
ample, the familiar (i) sound of human speech is perceived with the help 
of this second maxima. 
The photosensors of color work on 
We 
8. In the case of voiced vowels the following experiment is 
interesting.When one pronounced a vowel, say a, on various keys (by chang- 
ing the fundamental frequency), the position on the vowel circle did not 
change. This fact was directly visible on the oscilloscope. In other 
words, the theory is independent of voice frequency and the device ex- 
tracted only the vowel quality. Similarly, whether a vowel was pro- 
nounced by a man, woman, or child the oscilloscope extracted and displayed 
the vowel correctly. 
In another series of experiments speech analogues of color trans- 
formations are investigated. It is known that the human eye can adapt 
itself to different illuminants. For example, objects preserve their color 
appearance under direct sunlight illumination, under blue sky illumination 
(when the sun is covered by clouds), and even under artificial light. 
adaptation is accomplished by transformations in the eye. In this process 
the eye transforms away the illuminant quality and restores relative order 
of object colors. To establish such transformations in vowels we did the 
following experiments. 
Such 
9. Any whispered vowel when continually heard degenerated per- 
ceptually into? white noise. 
loop and playing it continually. 
the sound became no longer a recognizable vowel. 
fact that under sustained illumination by a colored light, a room still 
appears to be achromatic. 
This was tested by recording a vowel into a 
After a time passage of 3 to 5 seconds 
This is analogous to the 
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10. Any whispered vowel, o t h e r  than r' , sounded more d i s t i n c t  
when in t roduced  under t h e  background of a desa tu ra t ed  vowel. 
nomenon i s  analogous t o  c o n t r a s t  phenomenon i n  c o l o r .  
This  phe- 
11. When speech w a s  passed through a f i l t e r  r e p r e s e n t i n g  a 
desa tu ra t ed  vowel q u a l i t y ,  such as ( a ) ,  the  speech remained i n t e l l i g i b l e  
a l though p h y s i c a l l y  t h e  ( a )  i n g r e d i e n t  w a s  predominant. The e a r  d i s -  
counted such permanent i n g r e d i e n t s  as no i se  and r e s t o r e d  t h e  re la t ive  re- 
l a t i o n  of speech sounds. 
sung las ses  through which a permanent t i n t  i s  produced b u t  t h e  eye r e s t o r e s  
t h e  c o l o r  of t h e  o b j e c t  i n  i t s  o r i g i n a l  order .  Note t h a t  wi thout  t h e  idea  
of t ransformat ion  t h i s  experiment would have been a c o n t r a d i c t i o n  because 
accord ing  t o  t h e  l a w s  of mixing every t i m e  t h e  speaker  pronounced (u)  t h e  
ear is  supposed t o  hea r  ( 0 ) .  
This  phenomenon i s  analogous t o  wearing t i n t e d  
12. I n  c o l o r  t h e r e  e x i s t s  an after-image phenomenon. For example, 
i f  one s tares  a t  a p i e c e  of r ed  paper  f o r  a long  t i m e  and then  quick ly  s h i f t s  
t h e  eyes  t o  a s h e e t  of wh i t e  paper ,  t h e  whi te  paper  would f i r s t  appear  as 
b lu ish-green  (complement of r e d ) .  
observed i n  vowels. We l i s t e n e d  f o r  a long t i m e  t o  a whispered (u) and then  
switched t o  ; t h e  pe rcep t ion  of t h e  l a t t e r  w a s  found t o  be  ( ae ) - l i ke .  
This  experiment w a s  performed on o t h e r  vowels. The s a m e  e f f e c t  w a s  observed.  
These e f f e c t s  were t e s t e d  only  on a few people.  I n  t h e  f u t u r e  w e  i n t end  t o  
under take  t h e  t a s k  of t e s t i n g  t h e s e  phenomena on a l a r g e  number of s u b j e c t s  
and o b t a i n  s t a t i s t i c a l l y  meaningful averages.  
The analogy of t h i s  phenomenon w a s  a l s o  
W e  have a l s o  i n v e s t i g a t e d  t h e  vowel analogue of Land phenomenon 
i n  c o l o r .  The e x i s t e n c e  of such an  analogue i s  a consequence of our  t heo ry  
of vowels. We can s t a t e  now t h a t  t h i s  p red ic t ed  analogue i s  a l so  es tab-  
l i s h e d  by our  experiments  which are descr ibed below. 
13. Na tu ra l  speech a f t e r  pass ing  through a narrow band-pass 
f i l t e r  (of width 5 5% of  c e n t e r  frequency) became v i r t u a l l y  u n i n t e l l i g i b l e .  
I n  p a r t i c u l a r ,  vowel q u a l i t i e s  were no longer  d i s c e r n i b l e .  This  i s  ana l -  
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ogous t o  t h e  f a c t  t h a t  i n  c o l o r  v i s i o n  t h e  eye w i l l  n o t  make adap ta t ions  
t o  co lored  g l a s s e s  i f  t h e  s a t u r a t i o n  i s  l e s s  than 8% (Helson 1938).  
14. Natura l  speech a f t e r  passing through two such f i l t e r s ,  
s u i t a b l y  separa ted  i n  frequency, become i n t e l l i g i b l e  t o  a cons ide rab le  
degree.  
of t h e  band-pass f i l t e r s  used. The p a i r  of f i l t e r s  used were those  wi th  
f r equenc ie s  centered  i n  t h e  (u) and (a) regions (F igure  13 ) .  This  i s  
completely analogous t o  t h e  Land experiment i n  which a l l  c o l o r s  were ob- 
t a i n a b l e  by two sharp  f i l t e r s .  
The i n t e l l i g i b i l i t y  w a s  found t o  vary depending on t h e  frequency 
15. Ins t ead  of using n a t u r a l  running speech, s e p a r a t e l y  pro- 
nounced vowels ( u ) ,  ( a ) ,  ( o ) ,  and ( i )  were passed through t h e  same p a i r  
of f i l t e r s .  These vowels were found t o  sound l i k e  a d i s t o r t e d  ( o ) ,  and 
t h e  vowel ( i )  v i r t u a l l y  disappeared.  This i s  analogous t o  t h e  f a c t  t h a t  
i n  Land p r o j e c t i o n  i f  one uses  l a r g e  s ingle-co lor  scenes  i n s t e a d  of a 
n a t u r a l  s cene ,  t h e  observed c o l o r s  w i l l  a l l  tend t o  an orangeish  wash, 
and b lues  and v i o l e t s  w i l l  b e  missing. However, i f  t h e  vowels are pro- 
duced i n  a connected way as i n  n a t u r a l  speech, then  a l l  vowels i nc lud ing  
( i )  are c l e a r l y  perceived by t h e  ear. T h i s  phenomenon i s  e s p e c i a l l y  re- 
markable because t h e r e  i s  no frequency component and no formant i n  t h e  
frequency range which corresponds t o  t h e  vowel ( i ) .  The f a c t  t h a t  ( i )  i s  
p h y s i c a l l y  taken out  is  made v i s i b l e  t o  t h e  eye both by t h e  knob s e t t i n g s  
and by t h e  o s c i l l o s c o p e  d i sp lay  of t h e  knob s e t t i n g s  and by t h e  o s c i l l o -  
scope d i s p l a y  of t h e  device .  
p e r c e p t u a l  device .  Again, i t s  Land analogy is t h a t  b lues  and v i o l e t s  are 
observed a l though no s p e c t r a l  components corresponding to t h e s e  c o l o r s  
e x i s t e d  i n  t h e  p ro jec t ed  scene.  
It is  a f a s c i n a t i n g  f a c t  of t h e  human 
16. I n  a l l  t h e s e  experiments t h e  i n t e l l i g i b i l i t y  of t h e  speech 
and t h e  d i s c e r n i b i l i t y  of vowels were i n i t i a l l y  very  poor b u t  improved 
wi th  t i m e .  
a time-dependent adap ta t ion  t ransformation.  
f u r t h e r  improvement occurred.  
This  i s  analogous t o  t h e  case i n  co lo r  and i s  i n t e r p r e t e d  as 
Af te r  f u l l  adap ta t ion  no 
A s i m i l a r  e f f e c t  w a s  observed previous ly  
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by Chiba and Kajiyama. (6) 
creased attention and familiarity caused the increase in intelligibility. 
However, intelligibility is again reduced at the start. This is true no 
matter how familiar or how much concentration a person gives, proving 
that the phenomenon is actually an adaptation transformation similar to 
that in color. 
They interpreted this effect as though in- 
17. To test the question of vowel complementaries we passed 
white noise through our bank of filters and investigated which pairs of 
filters, when simultaneously turned up, contributed only to an increase 
of loudness without influencing the vowel quality. These turned out to 
be approximately the filters with center frequencies (in c/s) 400 and 
1250; 500 and 1600; 630 and 2000; and 800 and 2500. Note that any one 
of these filters when considered singly adds vowel quality; for example, 
when 400 is turned up it contributes (u), when 1250 is turned up it con- 
tributes (a), when 400 is turned d o m  it contributes (a), etc. Turning 
complementary pairs up or down simultaneously seemed to contribute, 
apart from intensity change, a slight perceptible effect of harshness 
and softness, respectively; but this was clearly a small effect and in 
any case was not a vowel quality. 
18. The preceding paragraph could be taken as a proof of the 
non-existnece of fourth and fifth terms (sin24, cos24) in vowel space. 
Whether the softness and harshness perception mentioned contributes to 
some consonant perceptions will be investigated next year in relation to 
the next phase of our research. However, within the vowel space concept 
we feel the question of the sin34, cos34 terms is important. To test 
the existence of these terms we turned up and down simultaneously triads 
of filters with centers 120 degrees apart on the vowel circle. We found 
again that when coordinated carefully the net effect seemed to be an in- 
crease of loudness and no change in vowel quality. We conclude that the 
higher terms discussed here are missing in vowel perception and the 
vowel space is, to a good approximation, three dimensional. The state- 
ment may not be true for fricatives and consonants. 
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19. From tristimulus theory it is expected that there should be 
an optimum setting for three narrow filters for purposes of speech intel- 
ligibility. For the recorded speeches of President Kennedy we found that 
the best setting correspondedapproximately to 500, 1250, 3125. Note that 
this set roughly represents the maxima of tristimulus curves. The addi- 
tion of a fourth filter, 315, improved voice quality (which is beyond 
color analogy). 
ferent speakers, but the variation was not large. The areas 450, 1400, 
and 3000 probably form an optimum setting. 
We found that the optimum setting was different for dif- 
2 2 1 / 2  
20. To test the second order effect c1 = ao(l - 0 / C  ) is 
0 
not easy; firstly, the effect is not large; secondly, it is always si- 
multaneously present with a change in vowel quality so that one must be 
able to distinguish intensity increase from a change in vowel quality. 
To the best of our judgment we observed the fact that if two complementary 
vowels are switched back and forth, say, with an interval of two seconds, 
the one newly turned on sounds louder. 
on the relative saturation of the two vowels. For small values of rela- 
tive saturation the formula c1 
relative and maximum saturations, respectively, seemed to be satisfied. 
For large values of 0 the formula breaks down. Since this experiment 
might depend critically on the switching time and switching transient we 
refrain from drawing more definite conclusions at the present moment. 
matter will be investigated further in the future. 
The loudness difference depends 
= ao(l - o ~ / C ~ ) ” ~ ,  where 0 and C are 
0 
The 
21. The analogue of the Bezold-Brucke phenomenon of color 
vision (the shifts of hues underlarge changes in intensity) was also in- 
vestigated. 
phenomena in vowel percpetion. 
in color; namely, when the intensity is increased there exists a system- 
atic shift toward 800 (0) and 2500 (e). In other words there are four 
stable points on the vowel circle--800, 2500 and 400,1250--such that shifts 
occur toward 800, 2500 when intensity is increased; whereas they tend 
toward 400, 1250 when intensity decreased. These observations will be 
refined in the future. 
It was found that there are similar nonlinear saturation 
These work essentially in the same way as 
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In conclusion, the vowel space previously devised seems to 
accommodate all known and newly uncovered effects to a good approximation. 
For purposes of intelligibility no further structure seems necessary al- 
though f o r  speaker recognition one or two more response functions might 
possibly be required. 
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V. DISCUSSION AND 
COMPARISON WITH OTHER APPROACHES 
Certain crude analogies between vowel and color were noted by 
early workers. For example, the formant theory of vowels resembles color 
theory in its three formants, and the vocoder approach uses a representa- 
tion which may be said to be analogous to color. 
ical concepts play some part in the present day research on speech. 
In fact, such homolog- 
As a result of our theoretical ideas (evolutionary theory of 
perception) and the experiments we have so far performed, we have come 
to believe that the existing formant and vocoder concepts are too vague 
and restrictive to be efficient guides for further progress in a field 
as sophisticated and exacting as the computer recognition of speech. 
What seems to be emerging from our work is a consistent and 
comprehensive theory of speech in general and of vowels in particular. 
In order to compare our ideas with the current directions to speech we 
shall here summarize briefly some of the existing approaches. A few 
words of comparison will be added for each approach. 
A. FORMANT THEORY AND FORMANT TRACKING APPROACH 
This theory deals with the individual sharp energy peaks in 
the sound distribution. Proponents of this theory believe that the prob- 
lem of 
devising some sort of a recognition algorithm. However, formants change 
their positions from person to person so widely that the vowel representa- 
tion in terms of them become fuzzy and spread out. In fact, sometimes 
we may have ten or more equally sharp peaks to choose from, whereas in 
other circumstances it may be impossible to identify a desired formant. 
The problem of formant is a very much confused issue. For example, 
vowel recognition can be solved by tracking the formants and 
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S o v i j g r v i  r epor t ed  f i n d i n g  e leven  f ixed  and seven v a r i a b l e  formants.  
Fukumura t r i e d  t o  d e f i n e  average formants by summing s p e c t r a l  peaks of 
a number of s u b j e c t s  g raph ica l ly .  
W e  b e l i e v e  such a t tempts  do n o t  go t o  t h e  r o o t  of t h e  matter. 
Our pe rcep tua l  approach p r e d i c t s  t h e o r e t i c a l l y  (and t h i s  may now be  
considered proven exper imenta l ly)  t h a t  the  wider ranges of frequency d i s -  
t r i b u t i o n s  and t h e i r  ove r -a l l  ba lance  i s  important .  
t h a t  t h e  pe rcep tua l  e f f e c t  of a given frequency i s  n o t  p ropor t iona l  t o  
i t s  phys ica l  i n t e n s i t y  but  t o  t h e  logari thms of t h e  phys ica l  i n t e n s i t y .  
The loga r i thmic  weight reduces t h e  e f f i c i e n c y  of high energy peaks and 
i n c r e a s e s  t h e  e f f i c i e n c y  of lower areas of d i s t r i b u t i o n .  This  makes 
t h e  exaggerated expec ta t ions  of formant t h e o r i e s  r a t h e r  f a u l t y  and in-  
accu ra t e .  Furthermore,  formant approach does no t  g ive  any c l u e  towards 
t h e  v a r i o u s  adap ta t ion  and t ransformat ion  phenomena t h a t  our theory  
n a t u r a l l y  in t roduces ,  nor  does i t  shed any l i g h t  on t h e  problem of 
consonants ,  p l o s i v e s ,  and t ime-context.  The most u s e f u l  aspect of  fo r -  
mant t heo ry  has  been t h e  t h r e e  formant idea, which by c a r e f u l  choice  
of t h e i r  p o s i t i o n s  and a c l e v e r ,  a l b e i t  ambiguous, i d e n t i f i c a t i o n  has  
a resemblance t o  our  t r i s t i m u l u s  func t ions .  Our theory  shows t h e  ambiguous 
n a t u r e  of formant r e p r e s e n t a t i o n  by t h e  ex i s t ence  of vowel t ransformat ions .  
( f o r  example, t h e  pe rcep t ion  of ( i )  i n  Land analogy,  a l though no formant 
ex is t s  t o  produce t h i s  sound phys ica l ly . )  It a l s o  exp la ins  why t h e  t h r e e  
formant a s p e c t  i s  u s e f u l  as a crude approximation t o  vowel percept ion .  
Note i n  p a r t i c u l a r  
B .  VOCODER (VOICE CODER) APPROACH 
Vocoder w a s  introduced o r i g i n a l l y  (1930's)  as a speech synthe- 
s is  approach by Dudley. It w a s  t h e  r e s u l t  of t e n  yea r s  of development. 
The b a s i c  p r i n c i p l e  of vocoder i s  t h a t  i t  d e t e c t s  human speech, then 
t r a n s m i t s  a d e s c r i p t i o n  of t h i s  speech i n  a time-frequency code r a t h e r  
t han  t h e  o r i g i n a l  s i g n a l  i t s e l f .  This  code depends on a frequency a n a l y s i s  
and a i m s  a t  a bandwidth compression. Nowadays t h e  term %ocoder" is  used 
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i n  a g e n e r i c  s ense  f o r  any e f f o r t  aimed a t  frequency a n a l y s i s  and band- 
width compression. 
Note, however, t h a t  vocoder approach by i t s e l f  i s  n o t  a theory  
and i t  must make use  of some theory  i n  order  t o  achieve  i t s  goa l .  But 
i t  can be used as a r e s e a r c h  t o o l  t o  arr ive a t  a workable theo ry  o r  t o  
tes t  t h e  re la t ive  merits of v a r i o u s  t h e o r i e s .  I n  f a c t ,  some of  t h e  in-  
adequac ies  of t h e  formant t h e o r i e s  were uncovered by vocoder people .  
Some new developments such as t h e  p a t t e r n  playback, f i l t e r e d  speech, and 
t h e  d i scove ry  of k-t-p e f f e c t  a l s o  r e s u l t e d  i n d i r e c t l y  from t h e  vocoder 
e f f o r t s .  On t h e  whole vocoder approach f a i l e d  t o  sugges t  a new theory  
o r  p o i n t  c l e a r l y  t o  some d e f i n i t e  d i r e c t i o n .  This  i s  probably due t o  
t h e  s t r o n g  preconceived assumption underlying t h e  whole approach; namely, 
t h e  assumption t h a t  t h e  phys ica l  f requency composition of a sound d i s t r i -  
b u t i o n  i s  a l s o  i t s  pe rcep tua l  de te rminant .  For an  eng inee r ,  t h i s  i s  a 
ve ry  n a t u r a l  assumption. However, t h e  percept ion  theory  shows t h a t  t h e  
human ear goes beyond t h e  merely a b s o l u t e  phys i ca l  q u a n t i t i e s  and ope ra t e s  
on t h e  b a s i s  of t ransformat ions ,  re la t ive  v a l u e s ,  and t h e  e x t r a c t i o n  of 
i n v a r i a n t s  of a phys ica l  d i s t r i b u t i o n .  
C .  SEGMENTATION APPROACH I N  SPEECH RECOGNITION 
Th i s  approach d e a l s  w i th  t h e  t i m e  behavior  of speech wi th in  
i n d i v i d u a l ,  s e p a r a t e l y  pronounced words. The under ly ing  assumption seems 
t o  be  t h a t  phonemes are sepa ra t ed  by c e r t a i n  d e t e c t a b l e  phys i ca l  cha rac t e r -  
i s t i c s  ( f o r  example, a d i p  i n  energy con ten t ) .  It i s  hoped t h a t  by 
d e t e c t i n g  t h e s e  a word can be  segmented t o  f a c i l i t a t e  r ecogn i t ion .  On 
t h e  b a s i s  of t h i s ,  some d e c i s i o n  algori thms are devised and computer 
programs w r i t t e n .  
r e q u i r e s  a s e p a r a t e  theory  and f o r  t h i s  the  formant theory  i s  u s u a l l y  
made u s e  o f .  The segmentation approach may be  viewed as a beginning of 
a theo ry  o f  t i m e  dependence of speech. However, a t  t h e  p re sen t  t i m e  i t  
i s  i n  a p r i m i t i v e  s t a g e  and does n o t  pay a t t e n t i o n  t o  pe rcep tua l  e f f e c t s  
Note t h a t  i n  t h i s  approach t h e  frequency a n a l y s i s  p a r t  
56 
iZrthur D.7LittIcllnr. 
in time variable, nor to the interrelationships (physical or perceptual) 
of time with the frequency distribution. 
In our theory speech is a pattern f(v,t) in time-frequency 
I 
I space. Both physical and perceptual effects are to be considered in 
I this over-all space. The frequency part is already investigated to Some 
satisfactory stage. During the next six months or so we shall be inves- 
tigating the time-dependence. According to our theory, the time-dependence 
manifests itself as transitions between various relevant points within 
the vowel space. 
to physical variations which induce them. By way of an example, let a 
given transition represent the syllable (da). We expect that many different 
physical situations will result in the same perception (homomorphism) 
and the same physical stimulus will result in different perceptions 
under different adaptation and contextual conditions (transformation). 
We shall be trying to determine these transformations. 
Note that these transitions are not necessarily identical 
D. SPEECH PRODUCTION, VOCAL TRACT, AND MOTOR APPROACHES 
In this approach attention is focused on the production mechanism. 
The vocal tract is studied and analyzed in great detail. Continuous or 
lumped circuit representations are devised and differential equations 
written down, 
it helps to define the sound environment in which the perception of the 
ear evolves. 
etc., the vocally produced sounds provide an over-all sound environment 
(similar to light in our surroundings). 
evolves some perceptual ability. 
tract. 
the vocal tract and the ear try to adapt to each other. 
would be wrong to assume that vocal tract determines completely the per- 
ception of speech. 
whereas the vocal tract produces also voices and whistles. 
To our theory this activity is highly significant because 
Together with the natural sounds such as clicks and winds, 
In this environment the ear 
This in turn influences the vocal 
In this way a nonlinear interaction takes place and essentially both 
However, it 
For example, whispered speech is perfectly intelligible; 
Furthermore, 
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a given sound produced by the vocal tract does not always give rise to 
the same perception. For example, if in the word "kiss" the "i" is re- 
placed physically by "arr, the perception of "k" will change into "t". 
it is replaced by "u", then "k" will sound like "p". 
examples show that production and recognition (perception) are different, 
albeit related, problems. In our theory they are separated so that the 
production process and the properties of the vocal tract are used to 
define the environment. 
production approach brought into the formulation of the problem of a 
formant. K. N. Stevens, after a careful analysis, defined the formant as 
a proper vibration--with a center frequency and half width--of the vocal 
tract. The formants then become simply analogous to the spectral lines 
of atoms in light production.* Indeed, the atomic spectral lines have 
also a center frequency and a Lorentzian half-width. 
theory the individual formants should map to the most saturated outer 
areas of the vowel circle, that is, they must define the boundaries of 
the vowel cone. 
If 
These and similar 
In this connection we may mention the advance 
Thus in our vowel 
* 
Although our speech theory can be presented and formulated independently 
of color vision, we refer very often to a color-speech analogy because of 
the existing convenient terminology in color. 
definite appeal to physicists and physically trained scientists. 
Also color analogy has 
V I .  CONCLUSIONS AND POSSIBLE APPLICATIONS 
I n  conclusion,  our  theory does not c o n t r a d i c t  o r  des t roy  t h e  
above approaches.  Rather ,  i t  i s  a gene ra l  theory which i s  capable  of in-  
co rpora t ing  t h e  u s e f u l  a s p e c t s  of each of them. It promises a c o n s i s t e n t  
b a s i s  f o r  t h e  whole speech process  inc luding  t ransformat ions  and sugges ts  
va luab le  a p p l i c a t i o n s  toward t h e  even tua l  s o l u t i o n s  of long p e r s i s t e n t  
problems i n  speech r ecogn i t ion  and speech syn thes i s .  I n  achiev ing  t h i s  
cons is tency  and g e n e r a l i t y ,  however, a number of o l d  cher i shed  ideas  have 
t o  be  abandoned and a r a t h e r  a b s t r a c t  framework be  adopted. I n  o rde r  t o  
emphasize t h e  p o i n t s  of divergence w e  may now summarize t h e  most r e l e v a n t  
experiments and t h e i r  conceptual  impl ica t ions .  
1. It has  been demonstrated t h a t  t h e  whispered vowels organize  
i n t o  a c i r c u l a r  arrangement i n  t h e  o r d e r  of u ,  0 ,  a ,  ae,  e ,  i, and u wi th  
g r a d i a t i o n s  i n  between. The vowel ( a  sound between i n  b i r d  and 2 
i n  hue) f a l l s  a t  t h e  c e n t e r  of t h e  c i rc le  (F igure  7 ) .  This  can be unam- 
biguously d isp layed  on t h e  osc i l l o scope  and impl ies  a s t r u c t u r a l  analogy 
between t h e  percept ion  of vowels by t h e  ear  and t h e  percept ion  of c o l o r  
by t h e  eye. 
2 .  It has  been demonstrated t h a t  t h e  mixture  of two vowels 
f a l l s  w i t h i n  t h e  vowel c i r c l e  on t h e  l i n e  j o i n i n g  them. More s p e c i f i c a l l y ,  
mix ture  i s  r ep resen ted  as t h e  "centeroid" of t h e  mixed vowels ( f o r  example, 
when u and a are mixed o i s  produced).  This shows t h a t  as f a r  as whis?ered 
vowels are concerned t h e  ear does n o t  work a n a l y t i c a l l y  bu t  works synthe t -  
i c a l l y  as t h e  eye does.  According t o  a long-held view t h e  e a r  i s  supposed 
t o  ana lyze  t h e  two vowels i n s t e a d  of making a new s y n t h e t i c  vowel sound 
o u t  of them. This  view can thus  be  abandoned. 
3 .  Now, i f  w e  record a running speech from a r a d i o  announcer 
and f i l t e r  t h i s  speech through an (u) f i l t e r  (o r  simply add whispered (u) )  
accord ing  t o  t h e  above, w e  now expect a l l  t h e  ( a ) s  of t h e  speaker  t o  t u r n  
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i n t o  ( 0 ) s .  Y e t  t h i s  does n o t  happen. 
o r i g i n a l .  This  shows t h a t  s i m p l i s t i c  t h e o r i e s  based on phys ica l  v a r i a b l e s  
a lone  w i l l  l e ad  t o  c o n t r a d i c t i o n s ;  w e  need t h e  pe rcep tua l  t ransformat ions  
requi red  by t h e  evolu t ionary  theory.  
Speech i s  almost as n a t u r a l  as t h e  
4 .  An extreme form of t ransformat ion  is  t h e  pe rcep t ion  of ( i )  
i n  two-vowel percept ion .  
reg ions  corresponding t o  ( i ) ,  t h e  ear e x t r a c t s  an ( i )  by a t ransformat ion  
(F igures  1 3  and 14) .  This  shows t h a t  t h e  u s u a l  formant t h e o r i e s  which 
depend on t h e  phys ica l  energy peaks a r e  wholly untenable .  
can a l s o  b e  abandoned. 
Although phys ica l ly  t h e r e  i s  no energy i n  t h e  
Therefore ,  they 
L e s t  w e  g ive  t h e  impression of fol lowing a na ive  analogy between 
co lo r  and speech,  i t  i s  d e s i r a b l e  t o  emphasize t h a t  t h i s  i s  no t  so.  The 
theory a l s o  shows t h a t  t h e r e  are c e r t a i n  a r e a s  where no analogy whatever 
can be expected.  For example, t h e  eye covers less than one oc tave  i n  t h e  
v i s i b l e  range ,  and t h e r e f o r e  no analogue of harmonic and vo ice  q u a l i t y  
can e x i s t  i n  t h e  eye. I n  t h i s  r e spec t  t h e  ear is  r i c h e r  than t h e  eye. On 
t h e  o t h e r  hand, t h e  sound waves are scalar func t ions  and cannot b e  polar -  
i zed .  Thus no ear can have t h e  analogue of t h e  p o l a r i z a t i o n  percept ion  
of t h e  eye of a bee.  Furthermore,  by evolu t ionary  n e c e s s i t y  due t o  l i g h t  
and sound environment, t h e  eye s p e c i a l i z e d  i n  s p a c i a l  v a r i a t i o n s  of c o l o r  
( p a t t e r n s ) ,  whereas t h e  ear s p e c i a l i z e d  i n  temporal v a r i a t i o n s  (speech 
and music) .  
between nonvarying c o l o r s  and whispered vowels. However, t h e  theory goes 
one s t e p  f u r t h e r :  a set of ana logies  i s  s t i l l  expected between t i m e -  
va ry ing  whispers  ( a s  i n  whispered speech) and space-varying c o l o r s  ( a s  i n  
a p a i n t i n g  o r  des ign) .  
Therefore ,  t h e  analogy is  only expected i n  t h e  s t r i c t  sense  
Such ana logies  w i l l  be  considered i n  t h e  near  
f u t u r e .  The s tudy of t o t a l l y  nonanalogous a s p e c t s ,  such as t h e  vo ice  
q u a l i t y ,  music,  and r e s idue ,  must proceed s t r i c t l y  from t h e  f i r s t  
p r i n c i p l e s .  
Reviewing t h e  whole approach w e  seem t o  possess  f o r  t h e  f i r s t  
t i m e  a c o n s i s t e n t  theory of vowel percept ion.  The most va luab le  
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applications will probably be in speech analysis and synthesis, especially 
with regard to speech recognition. 
of the psychophysical variables and their transformation into hardware 
now seems inevitable. Yet for this, more work is necessary. Vowels are 
a basic but relatively small part of the whole speech phenomenon. There 
are the consonants, glides, fricatives, and plosives. There is the per- 
sistent question of pitch, timbre, and residue. Lastly, there is the 
problem of context. 
properties before attempting ambitious recognition devices. 
In speech recognition the translation 
One must study their perceptions and transformation 
One particular finding, namely, the "voiced (3r)", seems to 
have immediate application in terms of speaker identification and natural 
speech. This point, in fact, is in the direction of "voice print" and 
voice identification research extensively studied elsewhere. Another 
finding, the two-vowel perception, offers bandwidth reduction possibilities 
over and above those presently possible. 
Application of the developed device to teach the deaf how to 
speak offers considerable hope. Already the device is adequate for vowels 
in this respect. In the future, when the problems pertaining to the con- 
sonants and their transformations are also clarified, we expect that a 
valuable tool will be at hand for a fresh attack in this urgently needed 
area. 
Compared to color and image making the state of the art in sound 
recording and reproduction is quite primitive. We have to record every 
vibration of sound as a primitive caveman trying to paint a tree had to 
rub the green leaves on the wall (advanced cavemen knew how to mix colors). 
Today an endless variety of colors can be synthesized out of only three 
suitably chosen primaries. Color photography, color movies, color televi- 
sion, textile, and other industries depend heavily on the knowledge of 
color perception. 
speech. Such hitherto difficult problems as voice identity, bandwidth 
compression with natural tone, discrete mapping of phonemes, topological 
In sound we are heading toward a comparable science of 
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voice encoding, speech recognition independent of speaker, speech syn- 
thesis, voice typewriter, and electronic machines taking spoken commands 
from a human operator will probably be solved when a comprehensive theory 
of speech is formulated. 
in the field of communication (probably no less than $100 billion), and 
considering the savings already in sight along perceptual lines, we are 
Considering the total investment of this country 
i 
I 
hoping that research in this direction will be pursued and encouraged by 
the scientific community. Speech as a tool of symbolic communication is 
the most important development in the evolution of man, and it distin- 
guishes man from other animals. Any basic understanding, however small, 
into the nature of speech is of immense value to man. 
In summary, we may say that the experiments so far have fully 
supported our original ideas on the nature of speech perception. As a 
consequence we now have the beginning of a general theory of speech. If 
further work substantiates the new direction, we may not be too far away 
from a fresh, all-out effort to tackle the residual and persistent prob- 
lems of speech recognition. 
attack is evidently within the long anticipated theory of invariants. We 
are particularly encouraged by the fact that the fundamental theories of 
groups and invariants, as studied by mathematicians and modern physicists, 
find their way into the very workings of our perceptual makeup. The 
implementation of the theory of invariants into recognition devices of 
speech and pattern appears now both desirable and inevitable. 
t 
The general philosophy behind this mode of 
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